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DEVELOPMENT AND APPLICATION OF AN INDEX TO ASSESS 
NUTRIENT ENRICHMENT CONDITIONS IN ESTUARIES 
A Report to the Chesapeake Bay Program 





This report covers work done by the author during an Intergovern-
mental Personnel Act (IPA) assignment with the EPA Chesapeake Bay 
Program by agreement (f/54-6001-802) between the U.S. Environmental 
Protection Agency and the Virginia Institute of Marine Science of 
the College of William and Mary in Virginia. 
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INTRODUCTION 
An index is "something used or serving to point out", "a guide", 
"a sign, token or indication" (14) +. Indexes* such as those used in books, 
magazines and newspapers are not the subject of this study. Rather we are 
concerned with the use of indexes in technical fields. Even these are en-
countered often in everday life. For example, a recent front-'page newspaper 
article noted that "the government's index designed to forecast future economic 
trends dropped .... after rising for six straight months". An editorial column 
in the same issue addressed the use of "the existing Consumer Price Index as 
a basis for Social Security cost-of-living adjustments". Economists and 
other social scientists have utilized indices extensively. Environmental 
indexes have been proposed but only a few, such as the air pollution index, 
have been used widely. It appears that environmental indices could be 
extremely valuable and useful for purposes such as showing trends in water 
quality resulting from development, implementation of good management practices 
on land, or higher levPls of treatment for wastewaters,(13) 
Hooper (4) discussed the reasons for using an index and the char-
acteristics of a good index. This article is highly recommended; it 
offers a clear, concise statement on the philosophy of environmental 
indexing. Ott (6) reviewed the indexes which have been used and technical 
aspects of the development and application of water quality indexes. A 
*********************************** 
+ Numbers in parentheses refer to publications listed in the references. 
* The word index is peculiar in that it has only one singular form (index) 
but two plural forms (indexes and indices). In this paper both plural 
forms are used and no special meaning is implied by the use of one form 
instead of the other. 
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second publication by Ott (5) focuses on the actual use of indices by state 
and federal agencies. McErlean and Reed ~sed this previous work as the 
starting point in their studies of indexes relating to nutrient enrichment 
in estuaries. They reviewed existing water quality indexes with regard 
to their usefulness in evaluating estuarine enrichment (7). They also 
used a DELPHI approach to develop a candidate Estuarine Index of Enrich-
ment.(8) The work of McErlean and ReedJas well as a recent article on 
an index to evaluate lake restoratruon (11), has been used extensively in 
the work described in this report. 
Some persons believe that an index must address all aspects of water 
quality. However, aquatic environments, especially the estuaries, are 
complex. Also the characteristics of the particular pollutant of concern 
will affect the system's response to an insult. Given these conditions, it 
is the author's opinion that much profitable work can be done now developing 
sub-indexes that are problem specific, but that the formulation of an overall 
water quality index remains for the somewhat distant future. This report 
describes work done to develop an estuarine index of nutrient enrichment. 
Only this one problem area, nutrient enrichment or eutrophication, was 
addressed. The index is intended for estuarine application only, speci-
fically Chesapeake Bay and its sub-estuaries. Similar indices created for 
other environments would be useful for management purposes. 
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DEVELOPMENT OF AN ENRICHMENT INDEX 
Biological indications and various numerical representations of the 
biological community have been used in assessing water quality problems 
in estuaries. Water quality indices for estuaries have not been developed. 
Therefore, the work in freshwater systems, especially lakes, and that of 
McErlean and Reed (7, 8) are the primary sources of guidance. This chapter 
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is intended to provide a record of the approach taken by the author and the 
rationale used in making the necessary judgments and decisions. The mechanics 
of indexing, the desirable attributes of an index, and the factors considered 
important are presented in the following sections. 
The Mechanics of Indexing 
In a technical setting an index is defined as "a ratio or other 
number derived from as series of observations and used as an indicator 
or measure of a condition or phenomenon".(14) There is no "standard 
method" for indexing, but typically the observations are transformed to 
a ranking and then these rankings are aggregated into the overall index 
value. The ranking scales vary greatly, but frequently the scores range 
from Oto 100. The scales can be either increasing or decreasing; that is, 
0 can be either the top or the bottom of the scale. Normally the range of 
scores is the same for all components of the index. 
One of the more difficult aspects of developing an index is specify-
ing the rankings for each factor or variable. These will vary considera9ly, 
since some observations have small ranges (eg water temperature) while 
others bave extremely broad ranges (eg nutrient concentrations). Some water 
quality measures have increasing scales (eg water transparency), others have 
decreasing scales (eg BOD, chlorophyll a), and other have optimum levels 
with decreasing values on eithe·r side of the optimum (eg dissolved oxygen 
and pH). In practice, specifying the ratings is based primarily on ex-
perience and judgment. 
The rankings or subindex scores can be combined by addition or 
multiplication. During either process weighting factors may be used 
to emphasize important aspects. The additive form is simpler, but some-
times is not used because large shifts in ranking for one subindex will 
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be masked or eclipsed by the behavior of the other subindices. This diffi-
culty is especially pronounced when a large number cf subindices are used 
to determine the overall index value. 
Desirable Attributes of an Index 
To be both useful and scientifically valid, an index must have a number 
of attributes; these have been reviewed by Hopper (4). For the immediate 
purposes, three additional qualities were deemed to be highly relevant. 
First, the index should be as simple as possible so that it can be com-
prehended easily and application should not be overly difficult or time-
consuming. Second, the observations necessary to calculate the index 
value should be ones routinely made by scientists, regulatory agencies and 
others working in estuaries, since the best index will be useless if the 
data it requires are not available. Third, the index should provide not 
only an indication of the level of enrichment, but also the problems which 
have developed as a result of nutrient enrichment. By analogy, the wind 
chill factor supplements the information given by air temperature. Similarly 
it is hoped that the enrichment index will provide descriptive information 
in addition to quantifying nutrient levels. 
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In more concrete terms, it is recommended that the number of sub-
indexes be small, that the additive form be used, and that the subindices 
be given equal weight. Also it is suggested that 100 be the best score and 
0 the poorest, although inversion of the scale or use of different range 
would not affect the results. Stated in mathematical terms: 
l N 
I = - r Ri 
N i=l 
where 
and therefore also 
..... +Rn) 
0 .:::_ R1 ::._ 100 
0 < I < 100 
(1) 
I= the index, Ri= the subindex ranking, and N= the number of subindices. 
Important Factors 
Research on lake ecosystems has shown that there is a general relation-
ship between the supply of nutrients and the total biomass of the system (3). 
Therefore, nut,rient levels appear to be the primary indicator of nutrient 
enrichment. An increase in biomass frequently produces the following responses: 
water clarity is reduced (primarily as a result of increased phytoplankton con-
centrations), bottom sediments contain more organic matter, and the dissolved 
oxygen supply balance is altered, often upset. All of these changes will im-
pact the biota. Although altered bottom characteristics are important, there 
is no easy way to incorporate that into a water quality index, especially since 
measurements of sediment oxygen demand and other exchange rates have been made 
only recently and at few locations. Therefore, it is suggested that an estuarine 
index of nutrient enrichment should include nutrient levels, a measure of phyto-
plankton abundance and some aspect of the oxygen balance. 
Nutrients: Intuitively one would expect nutrient levels to rise when 
nutrients are added to an estuary. However, the nutrient pool includes 
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components such as zooplankton and organic matter in sediments, which normally 
are not measured in water quality surveys. It is the author's opinion that 
total nutrient concentrations provide the best indication of the nutrient supply 
using the data routinely gathered. The residence time for a parcel of water 
in an estuary.is long (on the. order of weeks to months) whereas the regene-
ration or recycling time can be short (on the order of days). Thus total 
values provide an indication of both what is and what will become available 
for biological uptake, Also it should be noted that the empirical relation-
ships derived for lakes use as the primary variable ·total phosphorus, rather 
than phosphates or orthophosphorus. 
It is unlikely that the factor limiting phytoplankton growth in estuaries 
will be determined easily or that this will be uniform within an estuary from 
one estuary to an~ther. To a certain extent one might expect the tidal, 
freshwater areas to be phosphorus-limited, t,he high_ saltnity area.f.:i to he 
nitrogen limited and the transition areas to be either nitrogen or phosphorus 
limited depending on other factors. But rather than wait until these conditions 
are determined for each estuary, it appears more fruitful to include both nitro-
gen and phosphorus in the index. If a suitable formulation can be achieved, the 
index might apply equally well to all parts of the estuary. 
Clarity and Phytoplankton: Clear waters are pe~ceived by most persons as 
being of higher quality than turbid waters, and thus would be given high 
rankings. Unfortunately, estuaries exhibit large spatial and temporal 
variations in clarity, primarily due to the transport of suspended mineral 
particles. Thus transmissivity, transparency, Secchi depth and suspended 
solids would include these variations as well as those due to nutrient en-
richment. 
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Phytoplankton abundance, as estimated by chlorophyll "a", has been 
correlated with water clarity, as measured by Secchi depth, when other factors 
are essentially constant. Therefore, chlorophyll concentrations can be used 
as a measure of water clarity, thereby avoiding the confounding influence of 
the mineral sediments. Additionally, the chlorophyll concentrations will 
give an indication of the plant biomass suspended in the water column. 
Dissolved Oxygen: Oxygen is among the most fundamental measures 0 ~ water 
quality since most higher organisms cannot survive without , it. The 
natural balance usually is altered when nutrients are added to an aquatic 
system, often with disturbing effects. Nutrients normally will stimulate 
phytoplankton growth, so that oxygen levels in the surface waters will be 
high (often supersaturated) during periods of sunlight and low during the 
night. In addition, the amount of detritus in the system is likely to 
increase and an oxygen demand will be exerted as this material decomposes. 
This is especially d~trimental when stratification exists, since the 
detritus settles to the bottom and is decomposed there. Stratification 
inhibits the transfer of oxygen from the atmosphere, and as a result, 
bottom waters often exhibit either depressed levels of dissolved oxygen 
or even become anaerobic. 
It seems apparent that some measure of the o*ygen balance must be 
included in any enrichment index; the precise form is not apparent. 
Again borrowing from experience in lakes systems, one approach is to 
compare observed oxygen values with saturation values.(11) In most 
rating curves for DO, saturation values are considered to be the 
optimum concentrations and values above and below that are considered 
les·s::.:desirable. (5, 8) Therefore it is suggested that the deviation from 
oxygen saturation conditions be used as one of the subindexes. 
The Proposed Index 




( R(Nut.) + R(Chlor .. ) + R(DO) ) (2) 
The ranking for nutrients will be that for Total Phosphorus, or that for 
Total Nitrogen, or the average of those two rankings, depending on the 
availability of data. To determine the DO ranking, first the absolute 
differences between observed DO concentrations and the saturation values 
for the given salinity and temperature must be calculated. Note that the 
absolute value of the differer.ce is to be used so that both depressed DO 
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and supersaturated conditions will increase the value, rather than cancelling 
one another. The average difference for the station should then be calculated; 
this could be the arithmetic average, a cross-sectional area weighted average 
or a volume weighted average. Although the first is the simplest, the latter 
two averages probably give bett~r estimates. However, the data necessary to 
calculate the weighted average may not be available for many locations. 
As stated earlier, one of the most diffic.ult aspects of index development 
is determining the ranking scales. In Table l observed ranges for a number 
of water quality variables are listed, along with the ranges used in an es-
tuarine index and a lake index. The ranges for the proposed index are listed 
in Tableland a more complete listing of the rankings is given iri Table 2. 
The ranking values can be calculated using Equations 3 through 6 or obtained 
from Figures land 2. 
R(TN) = 50 - 14.526 ln (TN) 
R(TP) = 22 14.375 ln TP 
R(Chlor.) = 68 - 9.844 ln Chlor. 






































TABLE 1. RANGES FOR WATER QUALITY VARIABLES 




















































TABLE 2. RANKINGS FOR INDEX VARIABLES ~ 
[ 
I Rank TN TP Chlor. 6DO t 
(mg/1) (mg/1) (ug/1) (mg/1) 
100 <.032 <.0044 <.04 0 
90 .064 .0088 . ll 1.0 
80 .105 .0177 .30 2.0 
70 .252 .0355 0.82 3.0 
60 .502 .071 2.25 4.0 
50 1.00 .143 6.2 5.0 
40 1. 99 .286 17.0 6.0 
30 3.96 .573 47 7.0 
20 7.89 1.15 131 8.0 
10 15.7 2.30 362 9.0 
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FIGURE 2. Rating scales for Total Phosphorus (TP), Total Nitrogen (TN), 
and Chlorophyll "a" (Chlor.). 
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INDEX APPLICATION 
The proof of an index will be in how well the information it imparts 
matches up with one's perceptions of eutrophication problems. Therefore, 
12 
a series of trial applications have been made to examine the behavior of the 
index. Two data sets for the James River estuary have been used. The first 
is a series of low water slack surveys made monthly from May 1965 to May 
1966 (2), and the second is an intensive survey conducted in 1976 as part 
of a "208 Study" in Hampton Roads (10) . 
Sample Calculations 
Sample calculations to illustrate the mechanics of the calculations 
are shown below for station JR-29 in the James River near Hog Island on 
19-20 May 1965. In these calculations only Total Phosphorus was used to 
determine the nutrient rankings since it was not possible to calculate 
Total Nitrogen levels from the nitrogen analyses which were made. 
TABLE 3. Sample Calculations James River - Station JR-29 
Low Water Slack 19-20 May 1965 
Total Phosphorus 
Concentration = 0.071 mg/1 Ranking = 60 
Chloroph}':11 
Concentration 3,7 )-Jg/1 Ranking = 55 
Dissolved Oxygen 
T(°C) S(%) DOsat no lrno observed 
23.4 .42 8.48 7 .11 
1.37 
23.3 .42 8.49 6.91 
1.58 
23.2 .44 8.51 6.91 1.60 
23.0 .46 8.54 6.86 
1.68 
Average DO difference = 1. 6 mg/1 Ranking = 84 
Index 
; (199) I = i" ( 60+55+84) = = 66 
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Data from the 14~15 September 1965 low slack survey were used to 
examine the longitudinal varia.tion · in wa.ter quality; this p:i;.ofile is shown 
in Figure 3. The lowest value, 27, was observed just downriver of Richmond. 
Presumably this low value is the result of the discharge of large volumes of 
wastewaters to the river. These data pre-date recent improvements to the 
Richmond sewage treatment plant; it is believed that only primary treatment 
was given to wastewaters at that time. A significant improvement below 
Richmond can be noted with a modest reduction in the inde~ value below 
Hopewell, presumably the result of the industrial discharges near that city. 
At river mile 29 the index reaches its maximum value, 73. A small 
decrease in value is observed in the Hampton Roads area. The TP ranking 
dropped about 10 units, the DO ranking dropped a few units and the chlorophyll 
ranking increased a few points. The TP increase probably is due to the dis-
charge of domestic wastewaters from adjacent cities. The DO change probably 
reflects the deeper channel and the decrease in chlorophyll may be due to 
both the deeper water and stronger mixing. 
Annual trends for two of the slackwater stations, river miles 29 and 
57, are shown in Figure 4. Generally station JR-57 exhibits poor water quality 
with respect to nutrient enrichment and station JR-29, relatively good water 
quality. 
high, 
During the · spring of 1966 when freshwater flow to the estuary was 
conditions were similar at both stations. It should be noted that 
riverflow was abnormally low during the period July 1965 through January 1966 (2). 
Therefore, data for a more "typical" year might show a larger variation from 
one month to the next, whereas values for the index during the· above-mentioned 
period were relatively stable. 
Data from the 1976 intensive survey for stations at river mile 29 were 
examined for diurnal and lateral variations; the results are summarized in 
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FIGURE 3. Longitudinal variation of the index in the James River estuary at 
low water slack, 14-15 Se pte mber 1965. 
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FIGURE 4. Seasonal variations in the index for two stations in the 




variations about the daily mean are on the order of+ 3 or 4 index units. 
Thus the timing of surveys could be important and small differences between 
stations should not be considered significant. 
TABLE 4. Index values for James River estuary, transect 
at River mile 29; 15-16 July 1976. 
INDEX VALUES 
STATION MEAN MAX 
NUMBER OF 
MIN . DATA POINTS 
J4A 66.8 69 65 5 
J4B 66.4 71 63 5 
J4C 65.7 71 62 6 
The intensive survey data set includes both total phosphorus and the 
analyses necessary to calculate total nitrogen. Rankings previously dis-
cussed utilized only the TP concentrations. Rankings for TN were determined 
and index values calculated (Table 5) to see what effect this had. Nitrogen 
rankings were higher (21 to 35 index units) than phosphorus rankings. This 
probably indicates that the water was phosphorus-rich and nitrogen-poor. 
The higher nitrogen rankings increased the index values by 4 to 6 index units, 
but otherwise the variations were similar. 
One conclusion which can be drawn is that comparisons should be made only 
when the index has been calculated in an identical fashion for all data points. 
Preliminary observations indicate that spatial or temporal patterns of variation 
will not change significantly if one nutrient or both are used in the calculations, 
as long as all data have been treated in the same way. 
TABLE 5. Index values using phosphorus and both phosphorus 
and nitrogen. 
TN TP 11 12 
70 35 65 71 
70 48 66 70 
69 48 67 71 
72 44 67 72 
63 42 69 73 
1 1 = { (R(TP) + R(Chlor) + R(DO)) 
I = _!_ (R(TP)+R(TN) 
2 3 2 
+ R(Chlor) + R(DO)) 
Station J4A, 15-16 July 1976. 
1 
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DISCUSSION AND RECOMMENDATIONS 
An estuarine index of nutrient enrichment has been proposed and 
preliminary application of the index indicates that its behavior con-
18 
forms to general perceptions of water quality conditions. Lateral varia-
tions were found to be small, but longitudinal differences were sufficiently 
large to indicate distinctly different conditions. The magnitude of 
diurnal variations suggests that one must view small temporal differe.nces 
in index values, say 5 units or less, with caution. Differences of 10 or 
more units are felt to be significant. 
It should be noted that the index proposed does not differ significantly 
from that porposed by McErlean and Reed (8), even though the author based his 
selection of variables on the processes believed to be important and they 
utilized a survey of scientists and managers. Secchi depth was not utilized 
because variations due to the distribution of suspended mineral sediments 
are great and would confound any interpretation of the results. The author 
used total nitrogen and total phosphorus, whereas McErlean and Reed used 
nitrates and phosphates. The author maintains that TN and TP provide the 
best indication of nutrient conditions, but he acknowledges the fact that 
biologists tend to measure primarily the inorganic forms which are readily 
available for biological uptake. A statistical analysis of existing data 
sets might indicate correlations between total and inorganic nutrients which 
are valid for specified regions. Thus, either the total or the inorganic 
nutrient concentrations could be used to calculate the index. However, 
preliminary tests with James River data indicate that this might introduce 
unwanted variability. 
In general the rankings for nutrients and chlorophyll were roughly 









a need to revise the DO ranking scale, but additional data sets, especially 
from areas known to have depressed oxygen levels, should be tested before 
the scale is altered. 
It should be noted that certain natural variations due to geomorphological 
and hydrologic factors are incorporated into the index. For example lack of 
sunlight penetration in the zone of the turbidity maximum should limit phyto-
plankton growth. Thus chlorophyll levels would be low, the chlorophyll rank-
ing high, and the overall index value somewhat elevated. In effect this be-
havior indicates that this area has limited eutrophication problems or that 
it is not a sensitive region. 
At the other extreme are estuary segments in which stratification is 
strong and dissolved oxygen levels in bottom waters are low. This would 
give low DO rankings and thereby reduce the index values. These low values 
could be interpreted as indicating nutrient enrichment problems or that this 
area is sensitive to nutrient additions. It may be necessary to have two 
versions of the index, one which is appropriate for deeper areas where strati-
fication is strong and a second version for shallow areas where the water 
column is relatively homogeneous. 
It appears that the proposed index behaves as one would want an enrichment 
index to behave. Further tests are needed using data from a variety of estuaries. 
The Potomac, Patuxent and Patapsco Rivers all exhibit water quality problems, 
some of which are due to nutrient enrichment. Extensive historical records 
are available for the Potomac and the Patuxent, and it is suggested that 
they would be good systems to study. Rivers with fewer domestic and industrial 
- ---------·--··--. -~--------------------------
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discha rges, such as the Rappahannock River and some of the estuaries on the 
Eastern Shore, should be studied and contrasted with the more impacted water 
bodies. 
If additional testing proves the index to be appropriate, properly 
formulated, and useful, then it could be used to convert and aggregate 
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